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Many questions are still open regarding the physical mechanisms behind the magnetic switching in Gd-Fe-Co
alloys by single optical pulses. Phenomenological models suggest a femtosecond scale exchange relaxation
between sublattice magnetization as the driving mechanism for switching. The recent observation of thermally
induced switching in Gd-Fe-Co by using both several picosecond optical laser pulse as well as electric current
pulses has questioned this previous understanding. This has raised the question of whether or not the same
switching mechanics are acting at the femtosecond and picosecond scales. In this work, we aim at filling this
gap in the understanding of the switching mechanisms behind thermal single-pulse switching. To that end, we
have studied experimentally thermal single-pulse switching in Gd-Fe-Co alloys, for a wide range of system
parameters, such as composition, laser power, and pulse duration. We provide a quantitative description of the
switching dynamics using atomistic spin dynamics methods with excellent agreement between the model and
our experiments across a wide range of parameters and timescales, ranging from femtoseconds to picoseconds.
Furthermore, we find distinct element-specific damping parameters as a key ingredient for switching with long
picosecond pulses and argue that switching with pulse durations as long as 15 ps is possible due to a low damping
constant of Gd. Our findings can be easily extended to speed up dynamics in other contexts where ferrimagnetic
Gd-Fe-Co alloys have been already demonstrated to show fast and energy-efficient processes, e.g., domain-wall
motion in a track and spin-orbit torque switching in spintronics devices.
DOI: 10.1103/PhysRevB.103.104422
I. INTRODUCTION
The speed of switching between two stable magnetic
states has become a major bottleneck for future advance-
ment of magnetic-based information technologies. The use
of femtosecond laser pulses emerged as a promising solution
for the ultrafast control of magnetism by the demonstra-
tion of subpicosecond spin dynamics in nickel [1,2]. The
number of potential applications of this ultrafast spin dy-
namics quickly increased after the discovery of single-pulse
switching of the magnetic polarity in ferrimagnetic Gd-Fe-Co
alloys [3–6]. Further development of devices based on single-
pulse switching, e.g., magnetic tunnel junctions, needs not
only a complete understanding of the switching mechanisms,
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but also providing computational means for realistic design of,
for example, spintronics operations using ferrimagnets, such
as the energy-efficient spin-orbit switching [7–9] and high-
velocity domain-wall motion driven by fields [10], electric
currents [11], and thermal gradients [12].
It was shown that the heat provided by the femtosecond
optical pulse alone is already a sufficient stimulus to switch
the magnetization [5,13,14]. Since the commonly accepted
driving mechanism is based on faster exchange of angular
momentum between sublattices (∼100 fs) than magnetization
relaxation to the medium, the efficiency of such a mecha-
nism should be drastically reduced at longer timescales [14].
This picture was contested by the observation of both ther-
mal single-pulse all-optical switching (AOS) in Gd-Fe-Co
alloys using laser pulse durations ranging from 50 fs up to
15 ps [15,16] and by the heat produced by picosecond electric
pulses [17]. Despite intense research to establish a robust the-
oretical framework for the quantitative description of thermal
single-pulse (optical or electrical origin) AOS in Gd-Fe-Co, a
unified picture is missing [14,18–22]. It is furthermore unclear
whether the proven theoretical models for fs-pulse switching
are able to describe the (up to two orders of magnitude larger)
picosecond scale pulse switching. Recent experimental and
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theoretical work using phenomenological models suggested
distinguished different relaxation pathways for femtosecond
and picosecond pulses [23].
One of the most promising techniques for achieving a uni-
fied picture are atomistic spin dynamics (ASD) methods. They
have demonstrated the ability to adequately describe the equi-
librium properties of Gd-Fe-Co alloys [24] and to describe the
nonequilibrium dynamics upon femtosecond laser excitation
qualitatively, such as a transient ferromagneticlike state [4],
thermal single-pulse AOS [5], rapid magnon localization and
coalescence [25]. Furthermore, ASD methods have provided a
range of predictions about the behaviors of the switching as a
function of Gd concentration, ambient (or initial) temperature,
and laser fluence [26,27].
In this work we provide a unified picture of the single-
pulse all-optical switching induced by pulses with durations
spanning three orders of magnitude, from femtoseconds to
picoseconds. To do so, we use atomistic spin dynamics meth-
ods and pump-probe experiments of single-pulse all-optical
switching in Gd-Fe-Co alloys. We show that quantitative
agreement between theory and experiment is achieved when
element-specific damping parameters are considered in the
model. These combined studies allow us to uncover the un-
derlying physics behind magnetic switching using heat pulses
up to several picoseconds in duration. Further, based on our
model, we find optimal conditions for laser and material to
allow switching of pulse durations up to 15 ps.
II. EXPERIMENTAL SETUP AND MODEL
A. Experimental setup
The experiments were carried out on a series of
Gdx(Fe90Co10)100−x films of concentrations from x = 24% to
32% grown by cosputtering of the following stacks (in nm):
Si/SiO2(100)/Ta(5)/Gd-Fe-Co(20)/Pt(5). The sample is not
crystallized and instead has an amorphous structure. Hys-
teresis loops were measured using magneto-optic Kerr effect
(MOKE) at room temperature [Fig. 1(a)]. All samples exhib-
ited perpendicular magnetic anisotropy, and the coercivity Hc
is extracted from the hysteresis loops [Fig. 1(a)]. The coercive
field Hc increases and the polarity of the hysteresis loops
reverses in sign at concentration values of around x = 28%
and 29% Gd, which indicates the existence of a magneti-
zation compensation point at those concentrations at 300 K
[Fig. 1(b)]. An amplified 250-kHz Ti:sapphire laser with
810-nm center wavelength was used for generating the high-
energy pulses and as a time-resolved probe (Coherent RegA).
The laser pulse duration full width at half-maximum (FWHM)
was tunable from t = 55 fs to t = 15 ps by adjusting the
final pulse compressor in the chirped pulse amplifier. Indi-
vidual single-shot laser pulses could be obtained from our
laser system. A MOKE microscope was used for imaging the
sample magnetization after each single-laser-pulse shot and
check for the reversal at various pulse energies. The system
also allows one to obtain time-resolved MOKE data in a
pump-probe fashion. However, when stretching the pulse du-
ration for the pump, the probe stretches equally, reducing the
experimental time resolution. The probe was focused through
a 50× objective down to a size of about 1–2 μm. The pump
FIG. 1. (a) Magnetic hysteresis of different Fe-Gd alloys be-
tween 27%–31% gadolinium probed by the magneto-optical Kerr
rotation at 300 K. The use of an objective lens that is close to
the electromagnet’s gap induces an additional slope on the Kerr
hysteresis data, due to a Faraday effect in the lenses’ glass. This
slope, which is independent of the sample, was numerically removed
from this figure. The polarity of the hysteresis changes as the system
crosses the compensation. The coercivity diverges as the Gd concen-
tration approaches the compensation point. (b) The experimentally
measured coercive field Hc of (a) as function of the Gd concentration.
The line is guidance to the eye. (c) The simulated total magnetization
of the Fe-Gd alloy at 300 K as function of the Gd concentration. The
simulated magnetization compensation temperature is slightly lower
(between 25%–26%) than the experimental one with the drawn line
being guidance to the eye.
was focused via a 15-cm lens. We note that pump-probe exper-
iments demonstrating switching dynamics require an external
applied out-of-plane magnetic field of around 10 mT in order
to reset the magnetization after each pulse event. Details of the
pump-probe and microscope setup can be found in Ref. [28].
B. Model











Si = μi/μs,i represents a classical, normalized spin vector at
site i with μs,i being the atomic magnetic moment of each
sublattice. The spin at site i, Si, couples to the neighboring
spin, S j via the coupling constant Ji j . The second term of
the Hamiltonian describes the onsite anisotropy with easy
axis along the z axis with constant anisotropy energy dz. The
lattice structure of Gd-Fe-Co is amorphous and thus difficult
to fully characterize [4]. Similar to previous works, we model
Gd-Fe-Co alloys as a two-sublattice system with Fe-Co being
104422-2
UNIFYING FEMTOSECOND AND PICOSECOND … PHYSICAL REVIEW B 103, 104422 (2021)
represented by a generic transition metal (TM) sublattice and
Gd as a second sublattice that is randomly scattered through-
out the TM. The simulation of Fe-Co as one sublattice is
justified by the parallel alignment of Fe and Co up to the
Curie temperature and the delocalized nature of their spins.
The spin dynamics is described by the atomistic stochastic-








= −(Si × Hi ) − αi[Si × (Si × Hi )], (2)
where γ is the gyromagnetic ratio and μs,i represents
the magnetic moment of sublattice i. The phenomenologi-
cal, material-dependent parameter αi determines the rate of
transfer of energy and angular momentum in and out of
the magnetic system and gives rise to a damping of the
spin dynamics. The damping parameter is included phe-
nomenologically and is strongly material dependent [29]. By
including a Langevin thermostat, statistical-equilibrium and
nonequilibrium thermodynamic properties can be obtained.
This is achieved by adding an effective fieldlike stochastic
term ζi to the effective field Hi = ζi(t ) − ∂H∂Si , with white-
noise properties [30]:
〈ζi(t )〉 = 0 and 〈ζi(0)ζ j (t )〉 = 2αikBTelμs,iδi jδ(t )/γ .
(3)
The noise represents the effect of the hot itinerant electrons
onto the two sublattices of localized spins. The electron tem-
perature Tel is therefore used to scale the noise and has an
indirect impact on the spin dynamics via the stochastic field
ζ(t ) entering the sLLG. Throughout all simulations, no exter-
nal magnetic field was applied. It is a fair approximation to
neglect the applied magnetic fields in our model as the energy
scale of the Zeeman interaction is much smaller than the
exchange interaction which drives the demagnetization and
switching processes. Only on much longer timescales does the
magnetic field become important.
In our computational model, we consider a spin simple
cubic lattice composed of two spin sublattices Fe and Gd with
dimensions of N = 160 × 160 × 160 ≈ 4 × 106 spins. This
system size yields minimal boundary effects and provides a
large enough number of spins for calculating and averaging
macroscopic parameters. To handle the computational effort
of solving the sLLG for over 4 × 106 spins, the simulations
were performed on GPUs making use of the Nvidia CUDA
C-API [31].
We use the so-called two-temperature model (TTM) to









= +gep(Tel − Tph ). (5)
Cel and Cph represent the specific heat of the electron and
phonon system. Here, Pl (t ) represents the absorbed energy by
the electron system, coming from the laser. All of the material
parameters used in this study are listed in Table I and are taken
from Ref. [27].
Figure 2(b) shows an example of the resulting Tel and
Tph dynamics upon application of a 100-fs laser pulse. Due
TABLE I. Table of the Heisenberg spin Hamiltonian parameters
(left) and the two-temperature model (TTM) (right). Values are taken
from Ref. [27].
H Value Units TTM Units
JFe-Fe 3.46 ×10−21 (J) Cph 3 × 106 (J/Km3)
JGd-Gd 1.389 ×10−21 (J) Cel γelTe
JFe-Gd −1.205 ×10−21 (J) γel 700 (J/Km3)
γFe/Gd 1.76 ×10−21 ( 1Ts ) gep 6 × 1017 (J/sKm3)





to the low heat capacity of the electrons, the Tel increases
within the same timescale of the laser pulse (shaded area) and
can reach up to several thousand Kelvin. When Tel and Tph
are out of equilibrium, the electron-phonon coupling drives a
transfer of energy from the electrons to the phonons, cool-
ing the hot electron system and heating the lattice within
a couple of picoseconds. As the pulse duration increases,
the situation slowly changes until the timescales of the laser
excitation and electron-phonon relaxation processes become
similar. Figure 2(a) shows, as an example, the Tel and Tph
dynamics for a laser pulse duration of 1 ps. In this case,
the energy transfer from the electrons and phonons acts on
almost the same timescale as the energy load from the laser
to the electrons. The direct consequence is that for the same
absorbed energy, the maximum temperature reached by the
electron system is reduced as the pulse duration increases.
Ultimately, for very long pulses the dynamics of the electron
and phonon temperature becomes the same and the steep Tel
increase disappears.
Figure 3 shows the corresponding magnetic response of
the Fe and the Gd sublattices to the discussed 1-ps pulse
for different fluences [Figs. 3(a)–3(c)]. We note that in the
simulations a new equilibrium state is reached fairly quickly
after about 7–8 ps after the initial excitation. At that point,
Tel and Tph are equilibrated and both sublattices have adjusted
to the new electron temperature. Additional effects that slow
down the reordering process, such as domain formation or
heat transport, are not considered.
III. QUANTITATIVE COMPARISON BETWEEN
EXPERIMENTS AND SIMULATIONS
Figure 2(c) shows a direct, quantitative description of
the dynamics of thermal single-pulse magnetic switching of
Gd-Fe-Co alloys using femtosecond- and picosecond-pulse
durations. The figure depicts the z component of the nor-
malized magnetization m of the Fe sublattice for a pulse
duration of 1 ps (left) and 100 fs (right) with experimental
measurements being shown as green points and computer
simulations in red.1 The laser fluence used is sufficient to
1In our setup it is not possible to measure the pulse duration after
the objective (because we need a collimated beam for the autocorre-
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FIG. 2. The temperature dynamics of the Tel (solid red) and Tph (blue dotted) for a pulse duration of (a) 1 ps and (b) 100 fs. The total energy
of the pulse is the same for both pulse durations. (c), (d) Atomistic spin dynamics simulations (red dotted lines) and experimental measurements
(large green dots) of the magnetization dynamics of the Fe sublattice for a range of Gd concentrations at 300 K. The experimental normalized
magnetization is obtained through a shifting and normalization of the measured pump-induced change in magnetization (Ms + Mz )/Ms,
where Ms is the saturation magnetization. The simulated normalized magnetization is obtained by dividing the averaged magnetic moment
by the average magnetization at 300 K of each sublattice. The plots for each Gd concentration are shifted by an offset of 1 among each
other. The simulations correspond to a Gaussian weighted average of multiple simulations of different Gd concentrations with a variance of
σ 2 = 5.76%. The gray area between the dotted red lines indicates a variation in the laser fluence of ≈±0.5% of a chosen mean fluence. Due
to the overlapping of pump and probe pulse in the experiment and for direct comparison, the dynamics coming out from the simulations is
convoluted with a 800-fs probe pulse, and the simulations for the 100-fs pulse are convoluted using a 250-fs probe pulse.
achieve AOS for the Gd concentrations between 26% and 30%
[Figs. 2(c) and 2(d)] for both pulse durations. We estimate the
absorbed fluence to be around 1.5 mJ/cm2 (assuming a 30%
absorption [16]), which corresponds to about 5 × 108 J/m3
for our 30-nm-thick metallic film. We note that an impor-
tant distinction between the experiments’ and simulations’
energy absorption scenarios is that in the experiments we
find an exponentially decaying absorption profile, whereas
in the simulations the full magnetic layer can be set to ab-
sorb a homogeneous energy density. To account for potential
fluctuations of the laser fluence during data acquisition, two
different results from simulations for laser fluences with a
variation of 0.5% are shown as red dotted and dashed lines in
Figs. 2(c) and 2(d). Importantly, laser and material parameters
lator), so we do not have a measure of the probe pulse duration after
the objective. We estimate the pulse to stretch by about 160 fs to
240 fs after the objective based on the 50-nm bandwidth of the laser
and assuming 3 to 4.5 cm of UV fused silica glass for the optics.
Based on this we estimate the probe pulse to 100 fs + 200 fs =
300 fs and 1 ps − 200 fs = 800 fs in the two experimental conditions
of Fig. 2.
in this section were kept constant throughout all simulations.
The intrinsic damping parameters αFe and αGd for the Fe
and Gd sublattices were set to αFe = 0.06 and αGd = 0.01.
The inclusion of the element-specific nature of the damping
in our model is one of the key factors that allowed us to
quantitatively describe our experimental measurements. In a
recent work on single-pulse AOS in Tb-Gd-Fe-Co alloys,
similar conclusions have been drawn about the role of distinct
damping parameters in AOS [34]. These damping parameters
are in agreement with the ultrafast spin dynamics measured
in the respective pure materials [35,36]. While Fe and Co
demagnetize on timescales of hundreds of femtoseconds, the
rare-earth Gd responds much slower to optical excitation [4].
It has been argued that the reason behind these slow dynamics
is the localized character of the 4 f spins and the absence
of orbital angular momentum [37]. In previous works, the
same damping value is consistently used for both sublattices.
However, the good quantitative agreement between our ex-
periments and the model suggests that the damping parameter
for rare-earth (RE) metals used in sLLG models should be
lower than the one used in transition metals. This picture
of larger damping for Fe-Co than for Gd aligns with recent
observations on magnetic domain-wall mobility in Gd-Fe-
104422-4






































FIG. 3. The (normalized) magnetization dynamics for Fe (green)
and Gd (black) after excitation by different fluences of a 1-ps laser
pulse. (a) The magnetization dynamics for a weak 1-ps pulse that
does not switch the alloy. (b) The dynamics for an increased fluence
that does switch Gd-Fe. (c) The dynamics for a high fluence that
demagnetizes the alloy. The dynamics of the two-temperature model
for a similar laser excitation is shown in Fig. 2(a).
Co [38]. Our choice of larger damping value for Fe-Co than
for Gd is in agreement with those observations. We note
that since the laser probes areas of tens of micrometers, it is
important to consider the chemically inhomogeneous nature
of the experimental samples with locally varied Gd concen-
trations [39]. The switching behavior within these chemical
inhomogeneities strongly depends on local system parame-
ters, especially the Curie temperature Tc, which varies with
the Gd concentration. For example, a Fe75Gd25 alloy shows
a Tc ≈ 560 K while a Fe66Gd34 alloy only has a Tc ≈ 500 K.
The influence of such chemical inhomogeneities is especially
relevant when working close to the critical laser fluence,
which marks the energy threshold for switching and non-
switching behavior. Close to this fluence level one region with
a Gd concentration might switch for a given fluence while
another Gd concentration does not switch for the same fluence
(see Fig. 3). Therefore, we take a weighted (Gaussian) aver-
age of independent simulations of different Gd concentrations
with a variance of σ 2 = 5.76% Gd, which yielded the best
agreement with our experiments. The expectation value μ of
the distribution was set to the experimentally indicated one
(μ = x for an Fe1−xGdx alloy). The actual distribution vari-
ance in our experiments is unknown, however, we explored
values around the experimentally measured ones by Graves
and coworkers [39]. This agreement is robust, varying σ by
10%–20% yielded similarly good agreement. As discussed
in the previous section and shown in Figs. 2(c) and 2(d),
the magnetization dynamics in the simulations reaches an
equilibrium state after a couple of picoseconds. Additional
effects, relevant on longer timescales such as domain forma-
tion, heat transport, or small applied magnetic fields used in
the experiments are not considered in this model. Therefore,
a comparison to experimental results on timescales of several
hundred picoseconds is beyond the scope of this work.


















































FIG. 4. Simulation results for (a) critical laser fluence of a 350-fs
pulse as function of the Gd concentration (αGd = 0.01 constant) for
αFe = 0.03 (blue triangles), 0.06 (green boxes), 0.09 (black crosses).
The lines represent an x2 fitting and serve only as a guide to the eye.
(b) Maximum pulse duration achieved in the model as function of the
Gd damping αGd (αFe = 0.01 constant) for an Fe75Gd25 alloy.
To conclude this section we found that atomistic spin
models are sufficient for a quantitative description of our
experiments for a wide range of pulse durations and Gd con-
centrations with only a single set of parameters for all of them.
IV. OPTIMAL CONDITIONS FOR PICOSECOND
PULSE SWITCHING
In this section we investigate the robustness of our findings
and explore the ideal material and laser conditions necessary
for energy-efficient switching in Gd-Fe-Co. Previous models
have suggested that a distinct demagnetization time τ is nec-
essary to achieve switching. The damping αi at site i is one
of the key parameters for controlling τi as previous works in
ferrimagnets suggest a τi ∝ μi/αi scaling [40]. Based on the
same arguments, one could imagine that the maximum pulse
duration within the used model also depends on the intrinsic
demagnetization timescales. Indeed, a detailed understanding
about the role of damping parameters on switching efficiency
could be used to tailor optimized dissipative paths in engi-
neered heterostructures. Thus, in the following we study the
dependence of the critical fluence and the maximal pulse
duration on the intrinsic damping.
In the previous section we used αFe = 0.06 and αGd =
0.01. However, these values are of phenomenological origin,
chosen to match our experiments. In the following, we explore
switching behavior for damping values of higher and lower
αFe while keeping αGd constant. Furthermore, the data gained
from computer simulations that we show in the following cor-
respond to a fixed Gd concentration. In comparison, when we
compare the results of the model and those of the experiment,
we accounted for the chemical inhomogeneity of the samples
by averaging the magnetization dynamics data over a range of
concentrations. Consequently, their dynamics are not directly
comparable.
Figure 4(a) shows the critical fluence found in simulations
as function of the Gd concentration for different αFe in the
range of αFe = 0.03–0.09 while keeping a fixed αGd = 0.01.
With an increasing damping αFe from 0.03 to 0.09 which
104422-5
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n(a) (b) 28 % Gd
FIG. 5. (a) Maximum possible pulse duration gained from simu-
lations as a function of the Gd concentration for a fixed laser energy.
(b) Simulated maximum pulse duration as a function of the absorbed
energy for a fixed Gd concentration of 28%.
speeds up the Fe-spin dynamics, we observe a shift of the
critical fluence minimum towards lower Gd concentrations
from 29% (αFe = 0.03) to 25% (αFe = 0.09). Furthermore
Fig. 4 shows a x2 fit as a guide to the eye of the shift of the
critical fluence for each Gd concentration. We observe not just
a shift of the critical fluence minimum from 29% Gd to 25%
Gd, but also a shift of the general switching window in the
same direction.
Impact of the pulse duration
Magnetic switching driven by electric pulses is of inter-
est for future technological applications. However, generating
electrical pulses shorter than a few picoseconds is extremely
difficult. Therefore, finding switching conditions to achieve
single-pulse AOS with the longest possible pulses becomes a
challenge. Previous experimental results estimated that laser
pulses with durations of up to 10 ps were able to switch the
magnetization for a very specific Gd concentration, Gd27FeCo
alloys [16]. For different Gd concentrations the maximum
pulse duration within the model decreases notably, such as for
xGd = 24% the maximum pulse duration reduces to 1 ps [16].
Here, we show that in order to describe single-pulse AOS,
ASD simulations and the physics described by them remain
valid on timescales of up to 15 ps. Figure 4(b) shows the
maximum pulse duration of an Fe75Gd25 alloy as function of
the Gd damping αGd while keeping αFe = 0.01 constant. We
find a linear increase of the maximum possible pulse duration
that is able to switch the alloy with a decreasing Gd damping
αGd. Decreasing αGd slows down the Gd dynamics compared
to the Fe sublattice which seems to increase the maximum
pulse duration. For αFe = 0.01 and αGd = 0.001 we were able
to switch an Fe75Gd25 alloy in our simulations with a pulse of
more than 6 ps. This is far longer than what we found in our
own experiments (see Fig. 6) but is only slightly longer than
the maximum pulse duration for that alloy found in Ref. [23].
Since the maximum pulse duration is highly susceptible to the
ratio between dampings, αFe/αGd, the difference between our
experiments and those in Ref. [23] could be related to a some-
what smaller damping ratio in our experiments, owning for
instance to slight differences in the growing conditions. We
performed further simulations with different absolute values
FIG. 6. Maximum laser pulse duration (as color) as function of
the Gd concentration (x axis) and absorbed power density (y axis).
Red color areas correspond to longer laser pulses, while blue areas
only switch for short pulse durations. The damping parameters for
this set of simulations were set to αFe = 0.03 and αGd = 0.01. For
high laser fluences and high Gd concentrations the system gets com-
pletely demagnetized (top right). The experimental measurements of
the maximal achievable pulse duration are shown as white circled
points with the color indicating their maximum pulse duration.
of αFe and αGd, while keeping a constant ratio αFe/αGd. These
simulations have shown that the position of the critical fluence
minimum with respect to the Gd concentration varies much
with the ratio αFe/αGd, but only slightly with the absolute
values of αFe and αGd.
This seems to indicate that switching with ps pulses works
best when the damping difference between the sublattices is
as large as possible. To gain further insight into this process,
we conduct computer simulations on a large set of Gd concen-
trations, laser fluences, and pulse durations. The goal here was
to find the maximum pulse duration that switches the alloy for
a given set of Gd concentrations and pulse energies. In order
to do so, we first define a switching criteria: Starting from
mz,Fe > 0 every simulation could end up in one of the three
possible states: (i) recovery (mz,Fe  0.12) [see Fig. 3(a)], (ii)
switching (mz,Fe  −0.12) [Fig. 3(b)], and (iii) thermal de-
magnetization (0.12 > mz,Fe > −0.12) [Fig. 3(c)]. The state
of the system is evaluated 20 ps after the laser excitation in
order to give the spin system time to equilibrate to the final
temperature. This duration should be sufficient as the system
size is relatively small compared to larger domain-size fea-
tures, which are important on much longer timescales. Before
we present the full result as a two-dimensional (2D) color
map, we first focus on two subsets of the full result.
Figure 5(a) shows the maximum possible pulse duration
for a fixed total absorbed energy density of 5 × 108 J/m3 that
still switches the system with αFe = 0.03 and αGd = 0.01.
Increasing the Gd concentration allows for longer pulses
to switch the system up to approximately 31.0% Gd when
the fixed total energy density of 5 × 108 J/m3 causes the
104422-6
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system to completely demagnetize. This is due to the decreas-
ing Curie temperature of the sample as the Gd concentration
increases. In Fig. 5(b) the Gd concentration is set to 28%
and the total absorbed energy density is varied. In order to
switch this Fe72Gd28 alloy with longer pulses one needs to
linearly provide more energy via the laser. This is related to
the electron-phonon coupling, which is already significantly
acting for longer pulses while the laser pulse is still pumping
energy into the electron system. This cools down the electron
system temperature at a faster rate than for femtosecond laser
pulses. Thus, more energy input from the laser is needed, as
more energy is translated to the phonon system during the
laser pulse.
Figure 6 shows the full result by combining all simulations
with the color representing the maximum pulse duration as a
function of the Gd concentration (x axis) and total absorbed
energy density (y axis). Red colors refer to the possibility of
switching the system with longer pulses (up to 6 ps for the
chosen damping parameters), while areas with blue colors
only allow for switching with short pulses. The top right
corner with high absorbed energy densities and high Gd con-
centrations completely demagnetizes once a certain threshold
is crossed. This area increases linearly as the Gd concentration
increases, due to the linearly decreasing Curie temperature.
For longer pulse durations, the allowed set of parameters that
switches the Fe-Gd alloy reduces to a much narrower set
(or switching window). For example, only Gd concentrations
between ≈26% Gd and 32% Gd are able to be switched with
5-ps pulses and require a precise laser energy. Otherwise,
the alloy either demagnetizes completely or recovers without
switching. The experimental measurements of the maximal
achievable pulse duration are shown as white circled points
with the color indicating their maximum pulse duration. The
overall agreement between our experiments and our model is
good. However, for the 31% and the 25% Gd concentration the
maximum measured pulse duration was only about 220 fs and
disagrees with the results of our model (31% Gd measurement
not shown). The experimental results of Ref. [23] with ps-
scale switching even up to 23% Gd agree quite well with our
simulations. Reference [23] also finds a similar linear increase
of the switching duration as the Gd concentration increases.
In our analysis we used a threshold of mz,Fe < −0.12, that
divides switching from demagnetization. This chosen thresh-
old value affects the maximum pulse duration. Reducing this
threshold increases the maximum pulse duration for switch-
ing. However, the shapes of the different areas in Fig. 6 are
not affected by the chosen threshold value. For simplicity, in
our model we neglected any heat dissipation of the Gd-Fe-Co
alloy towards the substrate. The heat dissipation in the first
couple of picoseconds barely affects the overall behavior of
the magnetization dynamics and, consequently the switching
behavior. Considering mz,Fe < 0 as the switching criteria in
the absence of cooling is problematic as this state can also
be considered as a pure thermal demagnetized state. Further
studies could include the effect of the substrate.
Furthermore, as found in the previous section, the max-
imum switching duration depends on the damping ratio
αFe/αGd [compare Fig. 4(b)]. In the simulations for Fig. 6
we used moderate values of αFe = 0.03 and αGd = 0.01. Us-
ing a higher ratio of αFe/αGd would most likely result in
longer switching durations than those seen in Fig. 6. Notably,
previous experimental measurements have shown switching
for pulse durations up to 15 ps for compositions close to
the magnetic compensation. Our model is also capable of
reproducing such a switching duration with up to 15 ps by
combining the results of this section. By selecting a high ratio
between the element-specific damping parameters αFe = 0.01
and αGd = 0.001 and choosing optimal parameters from Fig. 6
for the pulse energy, we were able to switch a Gd29Fe71 alloy
using a 14-ps pulse with an absorbed laser energy density of
5.95 × 108 J/m3.
V. CONCLUSIONS
To summarize, we have conducted a joint theoretical and
experimental study of single-pulse switching of various Gd-
Fe-Co alloys using a wide range of pulse durations, from a
few femtoseconds up to 15 picoseconds. Our results show that
switching is possible for this wide range of pulse durations
of two orders of magnitude, however, the available material
parameters that allow for switching reduce as the pulse du-
ration increases. We demonstrate that the same, underlying
physics utilized by atomistic spin dynamics simulations is
able to describe switching within hundreds of femtoseconds,
as well as tens of picoseconds.
In our experiments, the magnetization dynamics is mea-
sured using time-resolved magneto-optical Kerr measure-
ments, which provide information on the Fe-spin sublattice
dynamics. We were able to quantitatively reproduce those
measurements using atomistic spin dynamics simulations
(ASD) for all pulse durations used in our experiments, and a
wide range of Gd concentrations between 24% Gd up to 32%.
We have kept the same set of material parameters through-
out all simulations, e.g., atomic magnetic moments, exchange
and anisotropy constants, which demonstrates the robustness
of our model. The results of this approach demonstrate that
atomistic spin dynamics methods and the physics described by
them in the context of single-laser-pulse all-optical switching
still remain valid on timescales of up to 15 ps. One con-
sequence of our study, based on the quantitative agreement
between theory and experiment, is the necessity to consider
distinct element-specific damping constants. This is in striking
contrast to previous works, where only qualitative compar-
isons were performed. In order to achieve this quantitative
agreement, we also needed to consider material inhomo-
geneities with respect to the Gd concentration in the model.
As for technological applications of single-pulse switch-
ing, establishing conditions for steering pulse duration able
to switch magnetization in Gd-Fe-Co alloy could foster pi-
cosecond electric pulse as switching stimulus for spintronic
applications. The first works utilizing picosecond electic
pulses have already shown promising results [17], but quan-
titative computational modeling is still missing. Therefore,
we believe that the insights provided by the modeling work
presented here will help to better understand the conditions
necessary for electric pulse switching. To explore this pos-
sibility, we have investigated computationally the optimal
system parameters to achieve the longest possible pulse dura-
tion able to switch Gd-Fe-Co. In agreement with recent works
on single-pulse AOS in Tb-Gd-Fe-Co alloys, we found a large
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discrepancy between the distinct element-specific damping
parameters to be a key parameter for longer pulse duration
switching [34]. Furthermore, our results show that for long
pulse durations, the set of available parameters of Gd concen-
trations and laser fluences, the so-called switching window,
reduces continuously as the pulse duration increases. Using
a well-defined, ideal set of parameters by combining various
results of our work allowed us to switch a Gd29Fe71 alloy
in an ASD simulation using a 14-ps pulse. Reference [41]
showed that single-pulse AOS is not limited to alloys but it is
also possible in ferrimagnetic multilayers. These kinds of het-
erostructures are better suited for technological applications
as they allow for each layer to be tailored individually. Atom-
istic spin dynamics methods have been used in previous works
to model ferrimagnetic multilayers and investigate the condi-
tions for AOS using femtosecond laser pulses [13,42,43]. Our
results provide a quantitative prediction of how composition
affects single-shot switching for different material properties
through varying the composition. By varying the composition,
the effective exchange between antiferromagnetically coupled
species is varied. One should be able to draw equivalences
between this and, for example, a multilayer structure of Gd-
Fe with different thicknesses and/or number of repeats of
theses layers. However, this task goes beyond the aim of this
work. Our results can furthermore help to understand AOS
in other material such as the recently observed switching in
Mn2RuxGa Heusler alloys [44].
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